Abstract: A more than twofold increase in the rate of 2-hydroxyethyl methacrylate atom transfer radical polymerization in methanol at 20°C was observed under the action of a pulsatile magnetic field. At the same time, the average molecular weight of the produced polymers decreased while the polydispersity increased slightly. The results are explained by assuming a shift of the equilibrium from the dormant species to the active propagating radicals under the action of the magnetic field.
Introduction
The scheme of the elementary reactions for atom transfer radical polymerization (ATRP) shows that the equilibrium between the active propagating radical (P n • ) and the dormant alkyl halide species P n -X can be influenced by the nature of P n • , the transferring atom (X), the ligand (L), the metal ion (Mt n and Mt n+1 ), the strength of the covalent P n -X, Mt n -X, Mt n+1 -X [1] [2] [3] [4] [5] [6] [7] and coordinative Mt n ---L, Mt n+1 ---L [8] [9] [10] [11] [12] bonds, as well as by the propagation (k p ) and termination (k t ) rate constants [11, [13] [14] [15] . The temperature and properties of the polymerization mixture affect this equilibrium through changes in the values of the above-mentioned parameters [11, [13] [14] [15] [16] [17] . In this respect, the recently established possibility of carrying out ATRP of hydrophilic monomers in protic and aqueous media at room temperature [18] [19] [20] [21] [22] [23] [24] [25] is quite impressive and expands strongly the application of ATRP.
However, to the best of our knowledge, the effect of magnetic fields on the above equilibrium has not been studied so far. This is quite surprising, taking into account the paramagnetism of P n • , X
• , Mt n or Mt n+1 (Cu, Fe, Ru, Ni, Pd complexes, etc.) [26] [27] [28] [29] [30] [31] [32] . Here, the first results of such an investigation are presented. To this aim, the characteristics of ATRP of 2-hydroxyethyl methacrylate (HEMA) in methanol at 20°C are compared in the absence and in the presence of a magnetic field with or without a superimposed pulsatile component.
Experimental part

Reagents
Ethyl-2-bromoisobutyrate (EBIB), 4,4'-dimethyl-2,2'-bipiridyl (Bipy) and CuBr (Merck) were used without any additional purification. HEMA (Fluka) was purified according to the procedure described in ref. [33] .
Apparatus
A constant magnetic field with magnetic induction B = 0.15 T was produced by a solenoid inductor fed by a three-phase thyristor rectifier supplied with an asymmetric Larionov bridge, where the non-filtered direct current comprises a unipolar pulsatile current with a frequency of 150 Hz [34] . This scheme allows the control of the pulsatile component superimposed on the constant magnetic field by branching of appropriate resistances (inductive or capacitive). The pulsation coefficient, P, is a quantitative measure of this pulsatile component. P is a ratio (in percent) of the effective pulsatile current component (I imp, eff ) through the inductor to that of the direct current component (I const ) [35] .
Procedures
In a typical experiment, the EBIB initiator (2.30 · 10 -4 mol) was dissolved in a HEMAmethanol mixture (2.25 cm 3 , 50:50 v/v) in a glass ampoule. To this degassed solution, a mixture of the Bipy ligand (44 mg, 2.36 · 10 -4 mol) and the CuBr catalyst (16 mg, 1.13 · 10 -4 mol) was added with stirring. Since the copolymerization took place immediately after mixing the components at 20°C, the sealed ampoules were instantaneously subjected to the magnetic field. The conversion, q, was determined gravimetrically. To this purpose, poly(2-hydroxyethyl methacrylate) (PHEMA) obtained after a definite time was precipitated in diethyl ether and dried in vacuum at 50°C. Additional purification was achieved by passing the 50:50 methanol/water PHEMA solution through a silica column in order to remove the Cu 2+ catalyst. The resulting colourless solution was freeze-dried to produce white polymer in very high yield.
The molecular weight and molecular weight distribution were measured using a Waters 510 size exclusion chromatograph equipped with Shodex OHpak SB-800 HQ columns: guard, linear, 10 3 Å, 500 Å and 200 Å in series with a Waters 410 differential refractometer and a Waters M490 UV (λ = 230nm) detector. SEC measurements were conducted using a methanol/water mixture (60:40 v/v) as the eluent and a flow rate of 1 mL/min at 30°C. Calibration based on PEG (MW range from 10 6 to 2.2 · 10
Results and discussion
The polymerization kinetics of HEMA in the absence (curve 1) and in the presence of a magnetic field with P = 0% (curve 2) and P = 32% (curve 3) are compared in Fig. 1 . Similar kinetics in the absence of the magnetic field was reported recently [18, 21] . The comparison shows an acceleration of the polymerization in the magnetic field. In the open literature, this acceleration is the first evidence of an effect of a magnetic field on ATRP. It is noteworthy that the acceleration is more pronounced in the presence of a magnetic field with a superimposed pulsatile component (P = 32%, curve 3). These original results are of both theoretical and applied interest, and create the basis of an extensive investigation of the effects of magnetic fields on ATRP. The first problem arising in this respect is to check whether the linear increase in molecular weight, M n , with q, characteristic of ATRP, is preserved by the exposure to a magnetic field. The straight line (1) in Fig. 2 is an unambiguous confirmation of this linearity, suggesting also that the magnetic field with a superimposed pulsatile component accelerates the ATRP of HEMA in methanol at 20°C.
The theoretical M n values (line 3 in Fig. 2 ) are lower than the experimental ones (line 1 in Fig. 2 ), which can be explained by partial diminution of the propagating radical concentration and calibration errors specific of PHEMA SEC analysis, discussed by Robinson et al. [21] . The fact that the polydispersity, M w /M n , at each q value is less than 1.3 (curve 2 in Fig. 2 ) is an additional confirmation of the above conclusion about the ATRP of HEMA. The magnetic field probably shifts the equilibrium (Eq. (1)) to the right, i.e., to the active form of the propagating radical (P n • ). As a result, the chain termination probability (with a constant k t ) should increase, and lower M n values could be expected for the polymers produced in a magnetic field as compared to those produced in the absence of a magnetic field. Polydispersity should change in the opposite direction at the same variation of the polymerization conditions. The results in Tab. 1 and Fig. 3 confirm this expectation, as well as the above assumptions; however, the polydispersity difference is in the range of the experimental error. This hypothesis considerably differs from the conventional explanation of the magneto-kinetic effect on the radical polymerization [36] [37] [38] , which is based on the assumption that the primary magnetic effect on such a polymerization is the tripletsinglet transition retardation (TSTR) of the radical pairs produced after the homolytic decomposition of the initiator. As a result of TSTR, the initiation efficiency and the polymerization rate increase. The principle difference between this conventional mechanism and the discussed hypothesis is that, according to the latter, the magnetic field affects the propagation reaction together with the initiation one. The reason for the equilibrium shift to the right is probably the change of the TSTR characteristics of the radical pairs produced after the decomposition of the dormant species (P n -X).
The establishment of the original cause for the change of these characteristics is quite important both for the understanding of the ATRP mechanism itself and for a more efficient control of this polymerization. In this respect, it should be noted again that the established effect of the magnetic field on ATRP is more considerable by superimposing a pulsatile component on the constant magnetic field (Fig. 1) . In the frame of the hypothesis discussed here, this means that the pulsatile component is significant for the TSTR characteristics of the radical pairs of the dormant species. This fact, reminding the reaction-yield-detected magnetic resonance [39, 40] , is a starting point for the future investigation of the chemical dynamics of the equilibrium reaction (Eq. (1)), and, more precisely, of the phase correspondence [41] between the components in the transition state of the reaction. 
Conclusion
Original results, clearly suggesting an effect of the magnetic field on ATRP, were obtained. ATRP of HEMA in methanol at 20°C was accelerated under the action of a magnetic field, the specific ATRP mechanism remaining unchanged. M n increased linearly with q, and the polydispersity index did not exceed 1.26. It is essential that the values of M n of the polymers produced in a magnetic field are lower than those of the polymers produced in the absence of a magnetic field. These results are explained by the assumption that the magnetic field shifts the equilibrium (Eq. (1)) to the right (to the paramagnetic components P n • and Cu 2+ taking part in this equilibrium). An essential peculiarity of the ATRP acceleration is that it becomes more pronounced by superposition of a pulsatile component on the constant magnetic field. Its elucidation requires additional studies of the chemical dynamics of the equilibrium reactions between the active propagation radical and dormant species of the propagation reactions and of the possible effects of amplitude and frequency of the pulsatile component of the magnetic field on the transition state of these reactions.
